The silver Y moth [Autographa gamma (Linneaus) (Noctuidae: Plusiinae)] is a pervasive crop pest in its native range but has not been found in moth surveys in the United States. Specimens of A. gamma are often intercepted at U.S. ports of entry, so the risk of introduction of this invasive species is high. Currently, identification of Plusiinae adults captured in domestic surveys is done by morphlogical comparison; however, this method is time consuming and misidentifications have occurred in the past. A recent study outlined a real-time PCR assay capable of rapidly identifying individual A. gamma specimens using CO1. This same study provided preliminary data for a droplet digital PCR (ddPCR) assay capable of processing bulk trap samples. Here, we develop and test a ddPCR assay for detecting a single A. gamma in a trap sample of 200 individual moths. This assay will drastically reduce the time and cost needed to screen domestic trap samples for A. gamma.
have been developed for identification and differentiation of other Lepidopteran pests using DNA barcoding, multiplex PCR, and PCR restriction fragment length polymorphism, there have been no rapid molecular tests developed for A.gamma identification in bulk (see Barr et al. 2009 , Hiayshima et al. 2011 , Rolim et al. 2013 , Gilligan et al. 2015 , Perera et al. 2015 .
In response to the need for a rapid, reliable method for identifying A. gamma, Tembrock et al. (2017) described a real-time PCR-based assay for the identification of individual A. gamma specimens. The assay uses a hydrolysis probe that targets a species-specific 100-bp segment of the mitochondrial gene cytochrome c oxidase 1 (CO1) and was tested on more than 450 adult Plusiinae . Since real-time PCR is most effectively deployed on individual specimens, Tembrock et al. (2017) also demonstrated that very small amounts of purified A. gamma DNA are detectable in a background of nontarget DNA using droplet digital PCR (ddPCR). Here we expand upon this work by developing and testing a ddPCR assay capable of detecting a single A. gamma specimen in mass-extracted bulk trap samples consisting of up to 200 individual moths, reducing the time spent on individual processing of specimens needed in other molecular techniques. This ddPCR assay will increase identification capacity by providing a rapid, accurate, and efficient method to screen Plusiinae trap samples for A. gamma.
Materials and Methods

Sample Collection and Preparation
A. gamma specimens were obtained from fresh collections by collegues in Europe and were identified by DNA barcoding and/or genitalic dissection. as already described in Tembrock et al. (2017) . Nontarget Plusiinae specimens were obtained from pheromone-baited CAPS traps deployed in Minnesota during late summer and early fall of 2016 and were identified by morphological characters as Anagrapha falcifera (W. Kirby) (Lepidoptera: Noctuidae), Autographa californica (Speyer) (Lepidoptera: Noctuidae), Rachiplusia ou (Guenée) (Lepidoptera: Noctuidae), or Trichoplusia ni (Hübner) (Lepidoptera: Noctuidae). Single legs were taken from 722 individuals, and nontarget legs were randomized, so each sample tested contained legs from more than one species.
DNA Extraction
Genomic DNA was extracted from single legs using a Qiagen DNeasy Blood and Tissue Kit (Qiagen, Valencia, CA) following the manufacturer's protocol and modified as described in Tembrock et al. (2017) . DNA concentration and purity was measured on a NanoDrop 2000 spectrophotometer (Thermo Scientific/NanoDrop, Wilmington, DE). Batch extractions consisting of mixed ratios of A. gamma legs and nontarget Plusiinae legs were carried out in 'squish buffer' (10-mM Tris-HCl, 0.5-mM EDTA, 12.5-mM NaCl) as described by Perera et al. (2015) and Zink et al. (2017) , modified from Gloor et al. (1993) .
Droplet Digital PCR
After extraction, genomic DNA was applied to Qiashredder columns (Qiagen) and spun at 14,000 rpm for 2 min in a Centrifuge 5418 (Eppendorf AG, Hamburg, Germany) to ensure DNA fragments were sufficiently small for efficient packaging into droplets. ddPCR was then carried out using a hydrolysis probe to target a segment of A. gamma cytochrome c oxidase 1 (CO1). Primers and probes were the same as those used by Tembrock et al. (2017) (Table 1) , with the ddPCR protocols modified from Zink et al. (2017) . Each ddPCR contained 10-µl 2× Probes Supermix (Bio-Rad Laboratories Inc., Hercules, CA), 0.5-µM CO1-130F primer, 0.5-µM CO1-230R primer, 0.2-µM PCO1-171 (FAM) probe, and water to bring the total volume to 19 µl. The master mix was aliquoted into 0.2-ml tubes and 1.0 µl of shredded DNA was added to each tube.
Droplet generation and transfer were carried out as described in Zink et al. (2017) on a Bio-Rad QX100/QX200 Droplet Generator (Bio-Rad Laboratories Inc.). Thermal cycling was done on a Bio-Rad C1000 Touch Thermal Cycler (Bio-Rad Laboratories Inc.) using the following conditions: 1) 95°C for 10 min, 2) 94°C for 30 s, 3) 54.3°C for 1 min, 4) repeat steps 2 and 3 for 39 cycles, 5) 98°C for 10 min, and 6) infinite hold at 10°C. Droplets were read in a QX200 droplet reader (Bio-Rad Laboratories Inc.) following manufacturer's instructions and data were analyzed in QuantaSoft version 1.7.4 (Bio-Rad Laboratories Inc.).
During initial testing, purified undiluted A. gamma DNA produced 100% positive droplets, signifying assay saturation. To avoid saturation, purified A. gamma DNA used for positive controls was diluted 1:100 in water for all experiments.
Data Analysis
Amplitude and cluster data were exported for positive control data and run through the JavaScript program 'definetherain' (definetherain.co.uk; Jones et al. 2014) to assign 'rain' droplets that appear intermediate as either positive or negative (Armbruster and Pry 2008) . The threshold was then manually redefined for all samples and the Poisson corrected copies per droplet (CPD) was calculated using the equation below (Bio-Rad, unpublished) .
The false-positive detection rate (FPR) for the assay was estimated as described by Zink et al. (2017) in order to calculate the limit of detection (LoD), or the lowest number of positive droplets at which detection of A. gamma is possible. The FPR was calculated by tabulating the number of positive droplets for 16 No Tissue Control (NTC) reactions divided by the total. The FPR was used to determine the call threshold, which was then used to determine the LoD, with values obtained from lookup tables provided by Bio-Rad based on calculations by Armbruster and Pry (2008) .
Results
A. gamma Was Detected in Leg Ratios up to 1:199
DNA extractions of bulk samples, consisting of increasing numbers of nontarget Plusiinae legs mixed with a single A. gamma leg, were carried out using squish buffer. A. gamma was detected in five of the six tested leg ratios (A. gamma: Plusiinae): 1:9, 1:19, 1:49, 1:99, and 1:199 (Fig. 1A) . In each replicate of the ratio 1:299, a single positive droplet was detected, which is an insufficient number of positive droplets to reliably call the sample positive for detection of A. gamma CO1 based on the LoD.
Limit of Detection
In 16 NTC reactions, four total positive droplets were detected, resulting in an FPR of 0.33 droplets per well ( Fig. 2A and B ). Based on lookup tables provided by Bio-Rad (modified from Armbruster and Pry 2008; Bio-Rad, unpublished), the call threshold for this assay is 0.36% at a 99% CI, which results in an LoD of nine copies per well (the minimum number of copies in a 20 µl reaction guaranteed to be detected using this assay).
DNA of Varying Quality Can Be Effectively Detected Using ddPCR
Trap catches from the CAPS pheromone traps used in this study (n = 73) consisted of between 1 and 64 moths per trap, with most traps capturing only a few moths. After weeks in the field, the quality of the trapped moths declined leading to decreased quantities of extractable DNA. In order to judge the effect of target DNA concentration on the ddPCR assay, legs from A. gamma individuals that had previously yielded high (465.7 ng/µl) or low (4.1 ng/µl) DNA concentrations were used. These legs were added to two separate batches of 24 nontarget Plusiinae legs to test the effect of varying target DNA concentration in the ddPCR assay. A. gamma CO1 was detected in both ratios (A. gamma:Plusiinae): 1g:24P high and 1g:24P low (Fig. 3A) . The ratio with the low-quality A. gamma leg (1g:24P low; Fig. 3C ) resulted in 11 positive droplets, which is above the FPR for this assay. The ratio with the high-quality A. gamma leg (1g:24P high, Fig. 3C ) resulted in 3,380 positive droplets, well below assay saturation (Fig. 3A ).
Discussion
Using CO1 primers and probes for A. gamma that were developed for real-time PCR, we have shown that A. gamma is detectable in bulk trap samples using ddPCR. The assay can be used to process up to 200 high-quality specimens in a one-step DNA extraction in 'squish buffer' and a single ddPCR reaction. The high number of moths that can be processed simultaneously using this assay drastically lowers the time and resources; it would take to screen samples individually using either morphological dissection or PCR. By using full 96-well plates, several thousand moths could be screened using this assay in a few days, with the rate-limiting step being the removal of legs from individual moths. Since sample quality can be a concern when dealing with specimens obtained from bucket traps, we tested legs from high-and low-quality samples in ratios that exceeded the median sample size observed in traps. Gilligan et al. (2015) demonstrated that legs from Noctuidae captured in bucket traps yield DNA concentrations ranging from 3.0 to 878.5 ng/µl. Following these guidelines for DNA Fig. 1. A. gamma CO1 sequences were detected in five of six ratios tested. Single A. gamma legs added to increasing number of native Plusiinae legs prior to DNA extraction were detected using ddPCR in five of six ratios tested. A) Droplets positive for A. gamma CO1 are shown in blue and negative droplets are shown in gray. The positive control DNA has been diluted 1:100. B) Copies of CO1 per microliter of reaction are plotted for each ratio tested. Error bars represent the 95% Poisson CI. C) The table includes the Poisson corrected CPD for each reaction along with the data needed to calculate these values. concentration in legs from field trapped specimens, testing of similarly low DNA concentrations extracted from A. gamma specimens (4.1 ng/µl) with the current assay yielded results above the LoD for ratios of 1:24 (A. gamma:Plusiinae). Of the 73 A. gamma traps processed to obtain the nontarget Plusiinae samples used in this study, the average trap catch was 10 moths per trap, with a maximum of 64 moths per trap. Based on these samples, the ddPCR assay should be capable of detecting a single A. gamma in an average-sized trap catch at any expected DNA concentration. For larger trap catches (>25 moths per trap) of questionable quality, it may be best to divide the trap into two separate batches prior to extraction followed by individual processing of each extraction, due to limitations in detection of low quantities of DNA using this assay.
The results shown in Fig. 3 further indicate that, because of differences in sample quality, DNA extraction efficiency, and the number of copies of CO1, an assumption about the number of A. gamma moths present in a trap cannot be made, representing a limitation of the assay. This assay is recommended as a reliable method for rapidly screening large numbers of field-caught specimens in order to determine the presence or absence of the target species. If A. gamma is detected, follow-up identification of individual moths from the trap in question must be carried out, either by morphological dissection or by the real-time PCR method described by Tembrock et al. (2017) . Fig. 3 . High-and low-quality specimens are both detectable using ddPCR. One high DNA yielding A. gamma leg and one low DNA yielding A. gamma leg were used for a squish buffer extraction each with 25 native Plusiinae legs to determine the effect of specimen quality on detectability with ddPCR. A) Positive droplets are shown in blue for both ratios and A. gamma DNA alone. Negative droplets are shown in gray. DNA used for the positive control was diluted 1:100. B) The copies per microliter are plotted for each reaction. Error bars represent the Poisson 95% CIs for each reaction. C) The table shows the Poisson corrected CPD as well as the information needed to calculate these values for each reaction.
